The size distribution, number and biomass of bacteria in intertidal sediments and seawater 
Mean cell volume of bacteria in sediments (0.159um3) was about twice as large as that in seawater (0.088um3).
There was no remarkable variation in bacterial mean volumes in sediments with season, depth and locality. Bacteria in sediments ranged from 6.2 to 29.2x108 cellscm-3 in number and from 8.0 to 40.5 1ugC. cm-3 in biomass.
Abundance of bacteria over the top 20 cm sediments varied between 2. 2 and 3.76 gC•m-2.
Viable bacteria enumerated by MPN method ranged from 0.2X 10' cm-3 in deeper sediments to 12.9 X 10cm-3 in surface in July. For viable bacteria, plate counts were comparable with MPN counts in sediments.
Number and biomass of bacteria in seawater were 0.66-2.72x 106 ml-and 4. 81-21.05 ugC•1-1, respectively. The amounts of bacteria were three orders of magnitude larger in sediments than seawater; which suggests the quantitative importance
Introduction
It is well known that bacteria in intertidal sediments play major roles in nutrient regeneration and in transformation of dissolved and refractory organic matter to bacterial biomass through the growth and metabolism.
Recent works indicate the quantitative importance of bacteria as the common producers of microbial foods together with microalgae in benthic communities (Moriarty and Pollard, 1981; Montagna et al., 1983; Montagna, 1984; Moriarty et al., 1985) . However, quantitative investigations are few concerning the number and biomass of bacterial populations in sediments as compared with waters. As a first step to understand the bacterial roles, it is essential to assess their number and biomass.
The most prevalent method for determining bacterial biomass is the combination of cell numher enumeration and biovolume measurement. Recent advances in staining techniques and epifluorescence microscopy (Hobbie et al., 1977; Porter and Feig, 1980) has made it much easier to enumerate bacterial number accurately. The method for estimating bacterial biovolume has also been developed using image analysis (Krambeck et al., 1981; Maeda and Taga, 1983; Hagstrom, 1984; Imai, 1984; Sieracki et al., 1985; Bj¢ rnsen, 1986) . In the present paper, size distribution, mean cell volume, number and biomass of bacteria were determined in intertidal sediments and seawater of Ohmi Bay by the image analysis and direct count technique. The data obtained from the sediments were compared with those obtained from seawater.
Materials and Methods

Sampling
Ohmi Bay is one of small embayments in Yamaguchi Prefecture, facing to Suo-Nada, western Seto Inland Sea (Fig. 1) . Four sampling stations for sediments are located in intertidal flats (Fig. 1) . Sediment characteristics (mean particle size and coefficient of sorting) are presented in Table 1 . At St. 1, sediments shallower than 5-6 cm are composed of commonly sorted fine sand, while those deeper than 9-10cm increase the grain size (coarse sand). At St. 2, commonly sorted fine sand prevails except for the layer of 5-6cm (medium sand). Sediments at Sts. 3 and 4 consist of well sorted very fine sand.
Sediments were collected three times in 1983; on 30 March at Sts. 2-4, on 10-11 July and on 3-4 November at Sts. l-4. At each station, two sediment cores for bacterial count were taken with hand corers (3.6cm inner diameter) at low tide. Water sample was also collected from the surface of St. A (Fig. 1) , ca. 30cm in depth at low tide, and fixed with glutaraldehide at a final concentration of 0.5%. Collected cores were chilled in a box and brought back to the laboratory. In March, each core was sectioned at seven depths of 0-1, 1-2, 2-4, 4-6, 9-11, 14-16, and 18-20 cm, and in July and November, at six depths of 0-1, 2-3, 5-6, 9-10, 14-15, and 19-20cm . From each sectioned sediment, sample was taken by filling stainless steel planchet (2.86cm3) with sediment. These samples were fixed by placing them in 70ml of filtered (0.22am Millipore filter) seawater supplimented with glutaraldehyde at a concentration of 0.5%. Fixed samples of sediment and water were stored in a refrigerator.
Bacterial size, number and biomass Sediment samples were homogenized for 5 min at 20,000rpm. Homogenization is recommended by some authors (Dale, 1974; Meyer-Reil et al., 1978; Montagna, 1982) for the dispersion of bacteria from the sediment particles. Homogenates were diluted 10 times with filtered glutaraldehydeseawater solution (0.5%). Portions of diluted samples were stained for at least 5 min with 4' 6-diamidino-2-phenylindole (DAPI, Boehringer) (Porter and Feig, 1980; Imai, 1984) at a final concentration of 0.5pg•ml-1, and then filtered through 0.2um Nuclepore membrane filters prestained with Sudan Black (Zimmermann et al., 1978) . Slides of filters were observed at X 1, 250 by epifluorescence microscopy (Olympus BH2-RFL) using a ultraviolet excitation system. For the determination of bacterial cell volume, microphotographs were taken on color slide films (Kodak Ektachrome 400). The slides were projected on to a graphic tablet which was connected to a microcomputer (Hewlett Packard 9845 B). The area (A) of the image of bacterial cell in blue fluorescence color was measured by tracing the outline with a detection pen, and width (W) by marking two points of bacterial width. Various types of cell forms were converted into the cylinder shapes with hemispherical ends having the same areas and widths (Imai, 1984) . Based on A and W, each bacterial cell volume (V) was calculated with microcomputer using the following equation: V=n WA/4-F, W3/6-7r2 W3/16. For each sediment sample, 50 images of bacteria were analyzed to obtain mean cell volume. Enlargement magnification was determined from photographed slides of calibration micrometer. Numbers of total bacteria in sediment samples were enumerated by direct count technique using epifluorescence microscopy and DAPI stain. Preparation of slides of filters was same as mentioned above. The slides were examined at a magnification of X 1,250. A minimum of 10 fields or more than 200 cells were counted on each filter and mean number per field was converted to the number of bacterial cellsm-3 sediment. Bacterial biomass (1u gCcm-3 sediment) was estimated using a conversion factor of 0.087 gC cm-3 biovolume (Ferguson and Rublee, 1976) , mean cell volume, and the number of cells in each sediment sample. Biomass per m2 intertidal flat was also calculated.
For the sediment samples collected on 10-11 July, viable bacteria were counted by both MPN and plate count methods. The medium used for enumeration was modified one which was originally used for bacteria in lake water (Ishida et al., 1980) . Liquid medium for MPN count contains 0.5 g trypticase (BBL) and 0.05g yeast extract (Difco) in one liter of aged seawater. Agar medium for plate count was prepared by adding agar to the above medium at a concentration of 1. 5% (w/v). Each sediment sample filled in planchet was suspended in 70ml of autoclaved seawater and homogenized in previously described manner. Homogenized samples were processed in the conventional manner. Enumeration was made after two weeks of incubation at 2TC in the dark.
Using the water samples of St. A, bacterial cell volume, number and biomass were determined. For each sample, volumes of 60 cells were measured to obtain mean value by the image analysis mentioned before. Enumeration of bacterial number and estimation of biomass (p gC 1-1) were carried out using the same methods as those employed for sediment samples.
Results
Size distribution of bacteria in sediments
The frequency distribution of cell size of bacteria in sediments in three different seasons are shown in Fig. 2 . The size of bacteria ranged from 0.3 to 1.4um (equivalent spherical diameter). Generally, bacteria with the equivalent spherical diameter between 0.5 and 0.8, um occupied the major part (75-78%) of the total populations.
Mean cell volume of bacteria in each sediment sample is given in Table 2 . These values ranged from 0.105 (March, St. 3, to 0.226pm3 (November, St. 3, .
There was no notable tendency in distribution of the mean cell volumes with sampling season, depth and station. Grand mean of bacterial volume was 0.159pm3 (SD=0.101), which was obtained by the analysis of 3, 450 images of bacteria.
Number and biomass of bacteria in sediments Bacterial number and biomass generally tended to be more abundant in surface layers than in deeper ones (Fig. 3) . Maximum values of number Viable counts of bacteria (aerobic heterotrophic bacteria) in sediments on 10-11 July are presented in Table 4 together with direct counts. MPN counts were 0.2-12. 9X 10cm-3, and plate counts 0.4-12.1-10' cm-3 sediments. Numbers obtained by plate count method were comparable with those by MPN method. Viable bacteria tended to be more abundant in surface layers, and decreased with depth. In upper 3 cm layers, 1.4-10.9% of the total bacteria are viable, whereas a proportion of viable counts markedly decreased to 0.5-3.5% in deeper layers.
Size distribution, number and biomass of bacteria in seawater
The frequency distribution of cell size of bacteria in seawater in three different seasons is given in Discussion when bacteria in sediments are enumerated by the direct count techniques, a background fluorescence associated with detritus sometimes makes it difficult to identify and enumerate bacteria (Montagna, 1982) . This problem can be overwhelmed by the use of DAPI direct count technique. Bacteria stained with DAPI fluoresce in bright blue, whereas other particles do in pale yellow and fade out rapidly. Porter and Feig (1980) had already stressed the superiority of DAPI in counting bacteria in seston-rich waters. Another major problem to direct count of bacteria in sediments is particle interference. In sediments, most of bacteria are attached to particles (MeyerReil et al., 1978) , and occasionally colonized on particles (Weise and Rheinheimer, 1978) . Bacteria underneath the particles probably be undetectable; which leads to underestimation.
It is consequently needed to separate the bacteria or to destroy the particles for obtaining accurate bacterial number. Meyer-Reil et al. (1978) compared the homogenization withh other dispersion techniques (shaking by hand and treatment with Tween 80), and confirmed the superiority of the homogenization. I also compared the homogenization with vortex mixing. Homogenization yielded higher cell numbers than vortex mixing (1.3 to 1.5 times), and the homogenization for 5 min was sufficient for dispersion of bacteria (Imai, unpublished data) . (Table 5) , and showed no marked differences with season. Number and biomass were lower on 30 March with cold temperature, and higher on other two different seasons. Mean cell volume of bacteria in water samples of Ohmi Bay ranged between 0. 83 and 0.091pm3. As for smaller values of mean volumes measured by some authors, Krambeck et al. (1981) obtained mean volumes between 0.015 and 0.022pm3 from 10 lakes in Germany by SEM image analysis. Larger values between 0.08 and 0.28pm3 were estimated from a eutrophic Swedish lake (Bell et al., 1983) . In Suo-Nada, I previously measured the bacterial mean volumes, and obtained the values between 0.041 and 0.126pm3 (grand mean 0.098pm3) (Imai, 1984) . Hagstrom (1984) also determined the bacterial volumes by the image analysis of epifluorescence micrographs, using a method similar to this study, and reported mean value of 0.08pm3.
For coastal waters, the values similar to the above data are often observed (0.09 um3 by Ferguson and Rublee, 1976; 0.089pm3 by Imai and Itoh, 1984; 0.06pm3 by Riemann et al., 1984) .
Compared the mean bacterial volume of sediment with that of seawater, it is confirmed that the former (0.159pm3) is about twice as large as the latter (0.088pm3). Andersson et al.. (1986) reported that bacterial size distribution in seawater can be affected by size-selective grazing (preferring the larger bacteria) of heterotrophic microflagellates. If it is a case, one can infer that bacteria may be grazed in seawater in a manner different from sediment, owing to the differences in fauna of grazers and inhabiting environments. This is an interesting problem in future.
In Table 6 , the number and biomass of bacteria in intertidal sediments of Ohmi Bay are compared with other data measured by some authors. The data obtained in this study are at the relatively lower end of the range presented in Table 6 . Meyer-Reil (1984) stated the negative correlation of bacterial number with the grain size, which is caused by the greater surface available in fine than in coarse sediments. The lower number and biomass are presumably attributed to the sandy (Rublee, 1982; DeFlaun and Mayer, 1983; Meyer-Reil, 1983) . In Ohmi Bay, surface sediment at St. 3 in November revealed marked increase in bacterial number (Fig. 3) , whereas there was no remarkable seasonal changes at other stations.
In general, the bacterial number and biomass in sediments were three orders of magnitude higher than in seawater (see Fig. 3 and Table 5 ). This result is identical to that of Meyer-Reil et al. (1978) . In terms of number and biomass, bacterial populations in top one cm depth of sediments are estimated to be equivalent to those in 10 m depth of seawater. It is therefore suspected that intertidal flats are the important zones for microbial production and the remineralization of loaded organic matter.
Viable bacteria (able to grow on agar plates and/or in liquid medium) ranged from 0.2X10 cm-3 in deeper sediments to 12. 9x 10cm-3 in surface, on 10-11 July (Table 4) . As mentioned before, plate counts were similar to MPN counts. This result is much different from waters. Ishida et al. (1980) documented for the water samples in Lake Biwa that MPN counts always gave one to two orders of magnitude higher values than plate counts, and I also observed the similar tendency in coastal seawater of Hiroshima Bay (Imai, unpubli shed data) . In sediments, most part of bacterial populations are attached to particles (Meyer-Reil et al., 1978; Weise and Rheinheimer, 1978) . On the contrary, free-living bacteria are predominanl in waters (Kirchman et al., 1984) . When bacteria are placed on the agar plate, they are forced tc grow on the solid surface with relatively higher surface tension, lower water content, etc. Solid surface presumably be common condition for the growth of bacteria in sediments, whereas it is mucl different one for the bacteria in waters Differences in the living manner, attaching it sediments and free-floating in waters, consequent ly, may reflect the above differences between MPI and plate counts in sediments and waters, respectively.
Bacterial growth and maintenance of their biomass are generally supported by organic matter available. Also in sediments, Cammen and Walker (1986) recently suggested that extracellular release of organic matter from microalgae affected the abundance of bacteria, as was the case in seawater. According to Matsuo (1986) , concentrations of algal chlorophyll a in surface sediments are around I ug•cm-3 in intertidal flats of Ohmi Bay. This value indicates the algal amount of about 40 gCcm-3, when used the C: chlorophyll a ratio of 40 (Cammen and Walker, 1986) ; which is rather more abundant as compared with bacteria. Additionally, a large amount of Ulva pertusa was often accumulated in various places on intertidal sediments of Ohmi Bay. Concerning the standing stock of U. pertusa, Uno et al. (1983) observed the highest amount of 5.3kg (wet weight)-2 in a neighboring embayment, Yamaguchi Bay, in November. Relationship between the abundance of bacteria and primary producers (microalgae and U. pertusa) is an interesting subject to be worth studying. And further, the role of bacteria in the food web should be investigated to evaluate the quantitative importance of them in sediment ecosystems. In particular, production of bacteria, and grazing by protozoans (Fenchel, 1975) and meiobenthos (Montagna, 1984) , appear to be promising themes for research in future.
